The hypothesis that ventricular in-plane tensile wall stresses are the major determinant of systolic coronary flow was investigated in this study. We measured coronary artery inflow in the maximally vasodilated bed of the isolated beating septum (n = 10) during two modes of contraction characterized by markedly different levels of developed in-plane stress. An increase in contractility was induced by changing from the control steady-state pacing state to a postextrasystolic potentiated state induced by a modified rapid pacing protocol. Over a range of increments of passive stretch, the systolic flow impediment versus the diastolic wall strain was described by an inverse linear relation. Despite the differences in developed in-plane wall stresses between the two modes of contraction (p<90.001), the slope and intercept of these relations in both the control and potentiated states were not different for the low versus high developed stress modes. The systolic flow impediment versus diastolic wall strain relation for the potentiated beats, compared with the control beats, was characterized by an increase in the intercept in both the low developed stress beats (p<0.05) and the high developed stress beats (p<0.05). These data indicate that the impediment to coronary flow during systole is not primarily determined by systolic myocardial in-plane tensile wall stresses but rather by the contractile state of the muscle. (Circulation Research 1992;70:583-592) KEY WORDS * systolic coronary flow * ventricular wall stress
D uring cardiac contraction coronary artery inflow decreases to levels below those in diastole. Although the effect of systole on coronary arterial flow was first conclusively demonstrated in 1957,1 the mechanism behind this systolic flow impediment is still not fully understood.2-10 One proposed mechanism is that the increase in left ventricular cavity pressure during systole results in a sufficiently large increase in intramyocardial pressure (IMP) to produce a vascular waterfall phenomenon and decrease arterial inflow.3 A second mechanism is the so-called intramyocardial pump. 4,8"11 In this view changes in vessel dimension are secondary to increases in intramyocardial pressure affecting a large intramyocardial capacitance. The decrease in intramyocardial capacitance during systole then results in a decrease in systolic coronary inflow and, in some instances, retrograde arterial flow.
For both mechanisms, the increase in IMP surrounding the vessels during systole plays a prominent role in impeding systolic coronary flow. Neither of these two mechanisms, however, adequately explains recent experimental data. In isolated, Langendorff-perfused cat and rabbit hearts, coronary arterial inflow was found to be only weakly related to left ventricular pressure but was strongly influenced by the level of contractility.79 Therefore, because the systolic flow impediment was not strongly influenced by left ventricular cavity pressure, it was felt that IMP could not be the primary determinant of the flow impediment. Similarly, in intact dog hearts the presence or absence of contraction, rather than developed left ventricular cavity pressure, was found to be the primary determinant of both total and subendocardial coronary flows. 10 This conclusion is predicated on the premise that left ventricular IMP is directly related to cavity pressure. This assumption is confounded by an observation that IMP may be similar in the empty, beating, and pressuregenerating heart.'2 A possible explanation for this observation is that the radial component of the wall stress (i.e., the cavity pressure) is not the sole determinant of IMP. Rather, IMP might also be related to other components of myocardial wall stresses such as the in-plane circumferential and longitudinal wall stresses. In the intact heart, however, the magnitudes of these stress components cannot be measured.13"4 Furthermore, the wall stresses are likely to have large transmural gradients across the wall of the intact ventricle. 13 Therefore, the role of the in-plane tensile wall stresses on systolic coronary flow impediment is difficult to ascertain in intact heart preparations.
The aim of the present study is to test the hypothesis that the coronary arterial systolic flow impediment is related to contractility rather than the developed inplane wall stress levels. Thus, we measured systolic coronary flow impediment in the isolated, perfused interventricular septum in which the in-plane tensile wall stresses can be directly measured and transmural stress gradients are negligible. Moreover, because most of the septal artery courses in the myocardium, the confounding effects of large epicardial vessels are eliminated. We measured the coronary arterial inflow in a maximally vasodilated state during different modes of contraction characterized by either low or high in-plane stress development both during control conditions and during a high contractile state induced by postextrasystolic potentiation. In this way we were able to separate the effects of stress development and contractility on the coronary arterial inflow.
Materials and Methods Specimen Preparation
A detailed description of the isolated septal preparation has been presented in an earlier publication. 15 Briefly, we used 10 mongrel dogs of either sex weighing [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] kg. After anesthesia with sodium pentobarbital (35 mg/kg i.v.), the animals were intubated and connected to positive pressure ventilation. The heart was exposed via a midline sternotomy. After whole-body hypothermia to 27-28°C and the administration of sodium heparin (5,000 units), the left and right ventricles were vented, and the aorta just distal to the coronary ostia was cross-clamped while cold (4°C) St. Thomas Hospital solution 2 (mM: Na+ 120, Cl-126, HCO3-10, K' 16, Mg2e 16, and Ca2' 1.2) was injected into the proximal aorta to achieve hypothermic, hyperkalemic arrest. The heart was then removed, and a 16-gauge plastic cannula was first tied directly into the most proximal large septal artery. The cannula was connected to a pressurized reservoir, and the specimen was continually perfused with the cold cardioplegic solution until the heart was mounted in the test apparatus.
We next selectively embolized the left anterior descending, left circumflex, and right coronary arteries with dental rubber. We have previously shown that this minimizes the possibility of some of the flow through the septal artery cannula being shunted through collateral vessels.15 After a few minutes to allow the dental rubber to solidify, the left and right ventricular free walls were cut away leaving the cannulated septal artery perfusing its isolated territory.
The septum was then connected in a trampoline-like configuration to a biaxial mechanical stretching appara-tus16 so that the four edges of the specimen defined the base-apex and circumferential directions. The threads connecting each edge to the carriages were placed in the previously embolized portions of the ventricular wall to avoid introducing any shunts. The total force in the two directions was measured by force transducers (model SF-A, Konigsberg Instruments Inc., Pasadena, Calif.) mounted on the carriages. The deformations in the small stainless-steel beads glued to the surface.17 Finally, two platinum pacing wires were sewn onto the outer edges of the specimen and connected to a stimulator (model S88, Grass Instrument Co., Quincy, Mass.).
Flow was measured with a 1-mm i.d. cannulating electromagnetic flow probe connected to a flowmeter (model 1401, Skalar Medical, Delft, Netherlands). The pressure at the inlet to the septal artery was measured via a plastic T piece and noncompliant tubing connected to a transducer (model P231D, Gould/Statham, Hato Rey, Puerto Rico). During the preparatory phase, while perfusing with the cardioplegic solution, the perfusion pressure was maintained under 30 mm Hg to minimize subsequent tissue deterioration.
At this stage of the preparation the cold cardioplegic perfusate was changed to one containing room-temperature perfluorochemical (FC-43, Green Cross Corp., Osaka, Japan) with the following composition (mM: Na+ 128, Cl-114, HCO3-25, K' 5, Ca2+ 4, Mg2+ 2, glucose 10, and pyruvate 11.4), 0.07 mM adenosine, 1.0 mg% lidocaine, and 3.1% bovine albumin.18 The perfusate was continuously bubbled with 95% 02-5% CO2 so that pH was maintained at 7.4-7.5 and oxygen tension at over 600 mm Hg. After perfusion with this solution the specimen usually began to contract spontaneously and in all cases could be regularly paced at a frequency of 0.4-0.6 Hz. When regularly paced contractions were established, the perfusion pressure was set to 60-80 mm Hg to achieve flows of 40-50 ml/min. Maximal vasodilation has been verified in this preparation by demonstrating no reactive hyperemia after a 20second inflow occlusion and no change in flow at constant pressure on doubling the dose of adenosine. After resuscitation the specimen was paced at 0.4 Hz (2,500-msec period) and allowed to stabilize for 1.5-2 hours before any protocols were done.
For monitoring and backup purposes all signals were recorded simultaneously on a strip-chart recorder (model ES-1000, Gould Electronics, Inc., Cleveland, Ohio). Data were digitized on-line at a sampling frequency of 50 Hz with a 12-bit analog-to-digital converter (model DT2821, Data Translation, Marlboro, Mass.) interfaced with the microcomputer (IBM-PC).
Study Protocol
The effects of different levels of stress development on coronary arterial inflow were studied by imposing two different modes of contraction: isotonic (low inplane stress development) and auxotonic (high in-plane stress development). The different modes of contraction were achieved by servo control of the carriages connected to the septum. During isotonic contractions, the carriages moved inward with the onset of muscle shortening to maintain diastolic levels of force in the two directions. Thus, the isotonic mode was characterized by low stress development with a high degree of muscle deformation. Conversely, during the auxotonic beats the carriage positions were fixed and neither force development nor muscle shortening was controlled, resulting in higher in-plane stress development and less muscle deformation than for isotonic contractions. The order in which the different modes of contraction were imposed central region were measured by a video system imaging was arbitrarily selected durin each experiment.
During each mode of contraction, the effect of muscle stretching was examined by increasing the diastolic forces in both directions from 0 to 750 g in eight to 10 increments. Previously, we have demonstrated that this range of preload has a pronounced effect on diastolic coronary flow. 15 In addition, the relation between developed in-plane wall stress or peak systolic deformation versus in-plane diastolic strain over this range of preload yields typical Frank-Starling curves and is likely to include the usual operating conditions of the septum in vivo. During each increment of stretch the effect of a reproducible, rapidly reversible increase in contractility was obtained by examining the potentiated beat of a special pacing protocol consisting of a sequence of five control beats at a frequency of 0.4 Hz and 10 beats at 10 Hz, followed after a 6-second pause by the potentiated beat. 19 The purpose of the 10 fast beats and pause is to alter the calcium cycling of the tissue so the next beat is nearly maximally potentiated, as had been verified in isolated cardiac muscle.19 These fast beats were not analyzed; rather, analysis of only the next to last control beat and the single potentiated beat provided control and nearly maximal contractility states for comparison at each step of stretching. To assess the reproducibility of the pacing sequence, we repeated the sequence five times in the unloaded state in two specimens. The systolic flow impediment, diastolic flow, diastolic lengths, and developed force did not vary by more than 5%. Before data collection the specimen was preconditioned by performing the desired stretching protocol five or more times. This preconditioning has been shown to be necessary to obtain reproducibility in similar mechanical tests.20
Data Analysis
The data were analyzed with custom software on an IBM microcomputer. The systolic flow impediment during both control and potentiated contractions was determined in the following manner (see Figure 1 ). First, the integral of the diastolic flow for a 2,500-msec interval was calculated using the mean diastolic flow immediately preceding the beat. Second, the integral of the systolic flow signal during a 2,500-msec interval encompassing the selected contraction was then subtracted from that of the diastolic flow. The resulting number, which we denote as the systolic flow impediment, is the hypothetical volume of perfusate prevented from entering the myocardium by a contraction. Because diastolic flow decreased as the muscle was stretched, the systolic flow impediment relative to the integrated diastolic flow was also calculated and denoted as the relative systolic flow impediment.
Assuming tissue incompressibility, we calculated the diastolic and peak systolic in-plane stresses (force divided by the stressed area) and strains (deformed divided by undeformed dimension) in each direction from the thickness (measured at the end of the study) and the in-plane forces and dimensions in the central region of the septum during the study. The effect of contraction was expressed in terms of developed (active minus passive) stress in each direction. In addition, from these individual stress components we calculated a lumped index of developed in-plane stress defined as 2 where os and od denote the systolic and diastolic stresses, respectively, and the subscripts x and y denote the two directions. Likewise, the in-plane diastolic lengths were quantified by a strain index defined as the root mean square of the strains (deformed divided by undeformed dimension) in the two orthogonal directions (AX) (AY)2 strain index= 2 + 2 where A, and Ay are the strains in the central region in the two directions. Peak systolic deformation in the isotonic mode was defined as the sum of the differences between systolic and diastolic dimensions in the two directions. Because of the septal contraction pattern, one direction often shortened during systole while the other lengthened. Therefore, the absolute values of the changes in dimension were used to calculate the peak systolic deformation. The auxotonic and isotonic beats were characterized by plotting the developed stress index or peak systolic deformation, respectively, as a function of the diastolic strain index.
Linear regression was performed to determine the correlation between the systolic flow impediment and the in-plane diastolic strain index. The resulting slopes and intercepts were then analyzed with the BMDP statistical program (BMDP Statistical Software, Inc., Los Angeles) to test slope and intercept homogeneity by analysis of covariance (ANCOVA) with two-factor analysis and repeated measures on both factors. Post hoc hypothesis testing was then conducted with the Bonferroni correction applied on the group means by using the overall residual mean squared error. Developed inplane stresses were compared using Student's t test. Differences were deemed significant at p=0.05. All values forp<0.10 are reported. beats during each mode of contraction are indicated by the arrows. During the control, steadystate pacing beats despite negligible systolic force development during the isotonic mode of contraction, the decrease in systolic flow is similar to that seen in the auxotonic mode. For both modes of contraction, there is more systolicflow impediment during the potentiated beat than during the control beats. F, force; D, dimension; x and y, directions.
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Results Figure 2 illustrates actual experimental data at one level of stretch for a representative specimen, indicating the control and potentiated beat used for data analysis. Despite markedly higher force development during auxotonic beats, the decrement in systolic flow is nearly identical to that during isotonic beats. Compared with the control beat at the same stretch level, the decrease in systolic flow is greater for the potentiated beat. As with the control beats, there is no difference in the decrease in systolic flow between the two modes of contraction during potentiation. Figure 3 (upper panel) illustrates developed in-plane stress versus diastolic in-plane strain index for the auxotonic mode of contraction at both levels of contractility over all levels of stretch for the specimen shown in Figure 2 . In the lower panel the same specimen is shown during the isotonic mode of contraction, illustrating peak systolic deformation versus diastolic in-plane strain index. Compared with the control beat the potentiated beat had higher developed in-plane stress in the auxotonic mode and greater peak systolic deformation in the isotonic mode.
In Table 1 the developed in-plane stresses from all 10 specimens are summarized. For ease of presentation the developed stresses only at the unstretched and maxi-mally stretched levels are listed. Note that, by design, the developed stresses in the isotonic mode are essentially zero in both the control and potentiated states. The developed stress during the control auxotonic mode is significantly higher than for the isotonic mode in both the unstretched (p<O.O1) and maximally stretched (p<O.OOl) levels. Likewise, for the potentiated auxotonic beats the developed stresses are significantly higher than for the isotonic beats in both the unstretched (p<O.O1) and maximally stretched (p<O.OO1) levels. The developed stresses were significantly higher during the potentiated auxotonic beats than the control auxotonic beats (p<O.OO1), indicating the substantial increase in contractility achieved with the postextrasystolic potentiation. Figure 4 shows a plot of systolic flow impediment versus developed in-plane stress for both modes of contraction at the two levels of contractility over all levels of stretch for the specimen shown in Figure 2 . Despite the markedly higher levels of developed inplane stress during the auxotonic mode compared with the isotonic mode, the systolic flow impediment is similar. Potentiation increases the impediment to systolic flow in both modes. These results show that the level of developed force (or stress) is not a primary determinant of the systolic flow, whereas the level of contractility is. Figure 2 during the auxotonic mode of contraction. Note that the developed in-plane stress is greater during the potentiated than control auxotonic beats. Lower panel: Relation between peak systolic deformation and diastolic strain index under the same conditions during the isotonic mode of contraction. Peak systolic deformation is greater during the potentiated than control isotonic beats. Figure 5 shows a plot of systolic flow impediment versus diastolic strain index for both modes of contraction and levels of contractility over all levels of stretch for the specimen shown in Figure 2 . An inverse relation between systolic flow impediment and strain is evident. Furthermore, the systolic flow impediment at all degrees of stretch is greater for the potentiated state compared with the control contractile state. This effect of potentiation is the same for both modes of contraction. Similar results were seen in all specimens and are summarized in Table 2 , which lists the coefficients of the regression lines of the systolic flow impediment versus strain for all 10 specimens. The systolic flow impediment intercept is defined as the flow impediment at a strain equal to 1.000. During the control contractile state there was no difference in slopes or intercepts between the isotonic and auxotonic beats. Likewise, for the potentiated state, the slopes and intercepts did not differ between the two modes of contraction. For both modes of contraction, however, the intercept was higher for the potentiated than for the control state (p<0.01). The slope was slightly more negative for the potentiated auxotonic beats than the control auxotonic beats (p<O0.05). For the isotonic mode there was no statistical difference in slopes between the baseline and potentiated beats. Figure 6 shows a plot of relative systolic flow impediment versus diastolic strain index for both modes of contraction and levels of contractility over all levels of stretch for the specimen shown in Figure 2 . This relation is similar to that shown in Figure 5 and also demonstrates greater flow impediment in the potentiated compared with the control contractile state. Similar results were seen in all specimens and are summarized in Table 3 , which lists the coefficients of the regression lines of the relative systolic flow impediment versus diastolic strain for all 10 specimens. The relative systolic flow impediment intercept is again defined as the flow impediment at a strain equal to 1.000. During the control contractile state there was no difference in slopes or intercepts between the isotonic and auxotonic beats. Likewise, for the potentiated state, the slopes and intercepts did not differ between the two modes of contraction. For both modes of contraction, however, the intercept was higher for the potentiated than for the control state (p<O.O1). For both modes of contraction there were no statistical differences in slopes between the control and potentiated beat.
Discussion
There are two conclusions from this study. First, the level of contractility and not the level of developed inplane tensile stress is the main determinant affecting the coronary systolic flow impediment. Second, the systolic flow impediment (both absolute and relative) is inversely related to the magnitude of passive stretch of the septum. Before the implications of these results are discussed, it is important to discuss some limitations of the study.
Limitations of Study
The stresses measured in this study were in-plane tensile stresses. Compressive and shear stresses were not able to be measured; therefore, the role of these additional stresses in affecting the flow impediment cannot be ascertained from these data. Furthermore, the estimations of stress represent those averaged over the entire specimen. In a complex structure such as the septum, direct assessment of regional stresses is not possible. Thus, we cannot rule out the possibility that there were some regional differences in the wall stresses. Because the different modes of contraction produced such marked differences in the levels of developed stresses in both contractile states, however, it is unlikely that our conclusions would be different had we been able to assess the extent of stress heterogeneity. Regardless, in our preparation any such regional differences are likely to be much less than in an intact heart, in which the curved wall induces transmural gradients in all the stress components. Nevertheless, our data must be interpreted in light of the potential for heterogeneity of stresses.
There undoubtedly was considerable heterogeneity in the deformations in each specimen. These regional differences in deformations also varied depending on the mode of contraction. For example, during isotonic contractions the shortening during systole was likely to be less in the central region than near the edges, which had to shorten sufficiently to keep the developed lengthened since the positions of the carriages were held fixed. Without detailed measurements of the regional deformation patterns for each mode of contraction, it is difficult to quantitatively relate the systolic flow impediment and the shortening pattern. Nevertheless, the fact that the systolic flow impediment was virtually independent of the mode of contraction at both levels of contractility also suggests that, like the stresses, the extent and regional pattern of shortening are not strong determinants of the systolic flow impediment. Our index of the systolic flow impediment has the advantages of being easily measured and having a simple physical interpretation. Nevertheless, as shown in Figure 2 , although there could be minor differences related to the mode of contraction, such as the maximum rate of flow decrease or the minimum flow level reached, this integrated index does not take these factors into account. However, because our aim was to correlate global mechanical parameters to the overall systolic flow impediment per beat at the inlet of the septal bed, we did not take into account these secondorder effects.
Although the modified postextrasystolic potentiation method was shown to produce nearly maximal activation in ferret hearts,19 this may not be true in our preparation. Proving maximal activation of the potentiated beats, however, was beyond the scope of our study. Rather, our intent was to achieve a reproducible increase in contractility. Hence, it is not certain that contractility remained constant across the range of stretches. Particularly for the control beats, but also for the potentiated beats if maximal activation was not achieved, there may have been some length-dependent activation effects. Hence, the slopes of the systolic flow impediment versus strain relations should be somewhat more negative if length-dependent activation effects were absent or prevented. Similarly, because the amount of shortening likely differed with the two modes of contraction, there could be different shortening deactivation effects even at the same diastolic stretch. . Relation between systolic flow impediment and developed in-plane stress in the same specimen as shown in Figure 2 . The systolic flow impediment during isotonic and auxotonic modes of contraction is similar at each level of contractility despite markedly higher developed stress in the auxotonic mode. The systolic flow impediment is greater during potentiation than control in both modes.
Nevertheless, we suspect that any effects of both lengthdependent activation and shortening deactivation are likely to be small compared with the large increase in contractility induced by the nearly maximal potentiation. This is supported by the parallel systolic flow impediment versus strain regression lines for both modes of contraction and the nearly parallel upward shift of both lines with potentiation. The coronary bed is known to change its tone after changes in metabolism." The aim of this study was to examine the mechanical determinants of the coronary flow impediment, and it was therefore desirable to maintain a constant vasomotor tone. This was accomplished by maximal vasodilation. In addition, this study was conducted at room temperature in perfluorochemical-perfused specimens. Extrapolations to the coronary bed with intact vasomotor tone at body temperature and blood perfusion should be done carefully. 
Implications of the Study
In this study the findings that developed tensile in-plane wall stresses are not the primary determinants of systolic flow have important implications. These data significantly expand on findings from recent studies7, 9'10 showing that cavity pressure (the major component of radial wall stress) also is not a primary determinant of systolic flow. Because IMP is likely determined by some combination of cavity pressure and the in-plane components of wall stresses, these findings cast serious doubt on the widely accepted view that the increase in IMP during cardiac contraction is a major factor affecting the coronary vessels. [2] [3] [4] 8 Regardless of whether one subscribes to the vascular waterfall or the intramyocardial pump theory, the increase in IMP during contraction is thought to decrease both the compliance of the intramyocardial vessels and their transmural pressure, thereby decreasing their caliber with a resultant increased resistance. Because it is difficult to measure IMP directly and there is considerable controversy surrounding the best means of doing s0,21-23 many investigators relate IMP directly to left ventricular cavity pressure. If this relation was true, one should expect a direct relation between developed left ventricular pressure and coronary arterial inflow. However, experiments in isolated, blood-perfused cat hearts during isovolumic and isobaric contractions revealed only a weak relation between coronary inflow and left ventricular pressure.7 In addition, a recent study in intact dog hearts also found that systolic total and subendocardial flows were affected similarly by contraction regardless of whether left ventricular cavity pressure was developed.10 Those data, together with the present study in which there is no cavity pressure, clearly indicate that left ventricular cavity pressure per se is not the factor responsible for systolic flow impediment.
The lack of effect of cavity pressure on systolic coronary flow still does not exclude a possible role for IMP. Even if IMP is not related to cavity pressure (which is the radial component of wall stress), it should be related in some manner to the other components of the stresses in the wall. Thus, if IMP were a major determinant of systolic coronary flow, the flow impediment should be related to the developed in-plane stresses. The present study, however, indicates no relation between the developed in-plane stresses and the systolic flow impediment. Thus, because neither left ventricular cavity pressure nor in-plane wall stresses are major determinants of the systolic flow impediment, it is rather unlikely that IMP itself is a major determinant of the systolic flow impediment. Until one can measure IMP reliably and accurately, however, we cannot completely exclude its influence. In addition, as previously mentioned, all components of the wall stresses such as compressive and shear stresses have not been measured, and thus their role cannot be excluded.
In both the intramyocardial pump theory and the vascular waterfall theory it is implicitly assumed that the vessels are freely floating in surrounding fluid with no mechanical attachments to surrounding tissue. On the other hand, if the collagen attachments between the myocytes and the vessels in the heart wall24 serve an important functional role, one could envision how changes in IMP per se might not be the most important . Relative systolic flow impediment vs. diastolic strain index in the same specimen shown previously demonstrating the inverse linear relations. These relations are also similar for the two modes of contraction at each level of contractility. Potentiation results in an increase in the systolic flow impediment at any level of strain.
factor determining the local forces acting on the vessel wall. For example, once the relatively indistensible attachments become taut, any further change in the pressure in the spaces between the attachments would not affect the vessels. Support for some functional role for these attachments arises from the observation that the collagen struts attaching tangentially to the walls of the capillaries and perpendicularly to the surrounding muscle fibers are straight during systole and wavy during diastole.24 Similar attachments with the larger vessels are present, but how they are affected by contraction has not been determined.
The important role of contractility as demonstrated in the intact heart7.9 and verified in this study must also be accounted for in any mechanism to explain systolic coronary flow. In the intact heart this property can be indexed by a time-varying elastance that describes the pressure-volume relation of the ventricular chamber. 25, 26 Therefore, it was postulated that the coronary vasculature behaved functionally like the ventricular chamber, such that the function of both of these bloodcontaining structures could be interpreted in terms of analogous, but not necessarily equal, time-varying elastances.7,9 In this view it is the systolic increase in the stiffness (i.e., contractility) of the surrounding muscle fibers that decreases the compliances and dimensions of each compartment, resulting in decreased systolic coronary inflow in one case and chamber ejection in the other. Although we did not directly measure systolic stiffness, it is clear that our findings are consonant with those in the intact heart. From macroscopic measurements such as ours, one cannot explain how contractility (i.e., stiffness) but not wall stresses (and hence IMP) affects the systolic coronary flow. Clearly, elucidation of the mechanism(s) underlying systolic coronary flow requires extremely detailed knowledge of the forces and deformations acting on the vessel wall, the surrounding muscle, and the attachments between them at the ultrastructural level.
The findings that both the level of diastolic flow (see Figure 2 ) and the systolic flow impediment (see Figures 5 and 6) are inversely related to the degree of stretch of the septum during diastole also indicate the importance of the physical attachments between the vessels and their surrounding tissue. The decreasing diastolic flow with increasing stretch confirms the results of recent studies in the noncontracting septum15 and likely reflects the longer length and smaller caliber of vessels as they are stretched along with the muscle. The inverse relation between systolic flow impediment and stretching probably reflects either the increased stiffness of the vessel wall or greater tension of the collagen struts as the vessels are stretched. This increased vessel stiffness then renders the vessels less susceptible to the mechanical effects of their surroundings. Another possibility is that the high compressive stresses at higher levels of preload outweigh the effect of contraction and therefore decrease the systolic flow impediment.
In summary, systolic coronary flow impediment is not primarily determined by developed in-plane wall stress. These results corroborate studies in intact hearts that fail to demonstrate a major role of left ventricular pressure in affecting systolic flow. Further studies are required to delineate the structural basis of the coupling between muscle fibers and vessels.
